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[1] Monitoring near-surface soil water content is essential for efficient water management 
and for understanding hydrologic processes in soils. Ground-penetrating radar (GPR) 
groundwaves are an approach that can be used to m onitor the near-surface soil water 
content, but the efficacy o f this technique is currently limited by the uncertainty 
surrounding the groundwave sampling depth. This research experimentally determines the 
sampling depth o f GPR groundwaves under dry and saturated conditions in a sandy 
soil. Data were acquired using 250, 500, and 1000 M Hz antennas within an 
experimental tank containing soil layers o f contrasting electromagnetic velocities. Results 
show that the groundwave sampling depth is a function o f frequency in both dry and 
saturated soils, and sampling depth is inversely related to frequency. A  comparison o f data 
acquired under dry and saturated conditions indicates that the groundwave sampling 
depth is slightly less in saturated soil than in dry soil, but the dependence o f sampling 
depth on soil water content m ay be less than has been predicted using numerical 
modeling. The minimum sampling depth observed in this experiment was 12 cm for the 
1000 M Hz antennas in saturated sand, and the maximum sampling depth was 30 cm for 
the 250 M Hz antennas in dry sand.
Citation: Grote, K., T. Crist, and C. Nickel (2010), Experimental estimation of the GPR groundwave sampling depth, Water 
Resour. Res., 46, W10520, doi:10.1029/2009WR008403.
1. Introduction
[2] Accurate characterization of near-surface soil water 
content quantity and quality is vital for optimizing crop 
yields, efficiently allocating water resources, and preventing 
groundwater degradation from leaching of agrochemicals 
and salts into the groundwater. Soil water content charac­
terization is also critical for hydrologic modeling and in 
determining solute transport rates in the vadose zone. 
Conventional point measurement techniques for soil water 
content characterization, such as gravimetric sampling, 
time-domain reflectometry (TDR), neutron probes, and 
capacitance sensors, sample relatively small volumes and 
can be very labor-intensive if used to map the spatial dis­
tribution of water content at the field scale [Hillel, 1997]. 
Thus, adequate characterization of the spatial and temporal 
heterogeneity of soil water content at the field scale is very 
difficult [ Western and Grayson, 1998]. Several researchers 
have shown that ground-penetrating radar (GPR) ground- 
wave techniques have potential for estimating the near­
surface soil water content [Chanzy et al., 1996; Lesmes 
et al., 1999; Huisman et al., 2001; Hubbard et al., 2002; 
Galagedara et al., 2003; Grote et al., 2003; Huisman et al., 
2003; Galagedara et al., 2004; Galagedara et al., 2005a]. 
High-resolution GPR groundwave data can be acquired over 
several acres in a few hours, so GPR techniques have the 
potential to greatly improve spatial and temporal character-
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ization of soil water content at the field scale. However, the 
efficacy of GPR groundwave techniques for mapping soil 
water content is currently limited by the uncertainty of the 
effective groundwave sampling depth.
2. Background
[3] GPR is a geophysical technique that uses high- 
frequency (-50-1500 MHz) electromagnetic energy to probe 
the subsurface noninvasively. Energy is emitted from the 
GPR transmitter, and a portion of the energy arrives at the 
receiver, which records the energy received as a function of 
time. When the transmitter is placed on the ground, energy 
radiates outward as a spherical wavefront through both the 
air and the ground. The rate of expansion of the wavefront 
depends on the dielectric permittivity of the medium. 
Figure 1 shows wavefronts that are created when the trans­
mitter rests upon the ground surface. In Figure 1, wavefront 
A shows the propagation of energy through air, and wave­
front B shows the propagation through soil. Since the elec­
tromagnetic field at an interface must have continuity, the 
wavefront in air creates a lateral wave (C in Figure 1) in the 
soil, and similarly the wavefront in the soil creates the eva­
nescent groundwave (D in Figure 1) in the air [Annan, 1973]. 
The groundwave travels at the same velocity as the spherical 
wavefront in the soil [Berktold et al., 1998], but the ampli­
tude of the groundwave decreases rapidly with distance from 
the soil-air interface [Huisman et al., 2003].
[4] Several propagation paths are possible for energy 
emitted by the transmitter and recorded by the receiver. 
Direct waves travel in a straight path between the transmitter 
and the receiver; the two types of direct waves are the air­
wave and the groundwave (Figure 2). The airwave travels
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Figure 1. Wave propagation from a ground penetrating 
radar (GPR) transmitter placed on the soil surface. S repre­
sents the energy source (transmitting antenna), and A and 
B are the spherical wavefronts in air and soil, respectively. 
C is the lateral wave, and D is the evanescent groundwave 
[Annan, 1973].
through the air at the velocity of an electromagnetic wave in 
a vacuum (3 x 108 m/s) and is the first energy detected by 
the GPR receiver. The groundwave travels at the velocity of 
the near-surface soil, so it arrives at the receiver after the 
airwave. When a contrast in electromagnetic properties ex­
ists in the subsurface, reflected and refracted waves are also 
generated. In Figure 2, the reflected wave is contained in the 
overlying soil layer, so it travels at the electromagnetic 
velocity of this layer. Waves that are refracted from sub­
surface interfaces may travel either through air or through 
soil. Airwave refractions occur when the refracted energy 
returns to the surface, where it then travels at the velocity of 
an electromagnetic wave in air. Airwave refractions are 
often seen in GPR data as events having an airwave 
velocity, but which arrive later in time than the direct air­
wave. Refractions through soil occur when the underlying 
soil layer has a higher velocity than the overlying layer. 
Refracted energy travels along the underlying layer and may 
arrive at the receiver before the reflected wave at longer 
antenna offsets. Figure 2 shows possible travel paths for 
these types of refracted waves.
[5] Measurements of the direct groundwave travel time 
can be used to estimate the electromagnetic velocity of near­
surface soils. The travel path of the groundwave is assumed 
to be the distance between the transmitting and receiving 
antennas [Berktold et al., 1998]. Previous studies have used 
this distance and the measured groundwave travel time to 
estimate the groundwave velocity (v) in the near subsurface. 
Using an approximation appropriate under low loss condi­
tions [Davis and Annan, 1989], the velocity can be used to 
estimate the dielectric permittivity (k):
where c is the velocity of an electromagnetic wave in free 
space. For the high frequencies emitted by most GPR sys­
tems, the permittivity of unsaturated soils is primarily 
dependent upon soil water content. Dry geologic materials 
have permittivities ranging from 3 to 8, while the permit­
tivities of water and air are ~81 and 1, respectively. The 
permittivity of soil increases as pore spaces fill with water, 
and petrophysical models are used to relate the permittivity 
to soil water content. Several petrophysical models are 
available in the literature [Topp et al., 1980; Roth et al., 
1990], or a model can be developed for a specific soil.
[6] Ground-coupled GPR data are typically acquired 
using either variable offset or common offset surveys. 
Variable offset surveys can be either common midpoint 
(CMP) or wide angle reflection and refraction (WARR) 
surveys. CMP surveys are acquired when the transmitting 
and receiving antennas are initially separated by a relatively 
small distance, then both antennas are incrementally moved 
apart as additional measurements are acquired. For WARR 
surveys, the transmitter and receiver are again separated by a 
small distance for the first measurement, then one antenna 
remains stationary while the other antenna is incrementally 
moved away for the additional measurements. Variable 
offset surveys are important for interpreting different events 
within a radargram, and they allow direct estimation of the 
groundwave velocity by considering changes in the 
groundwave arrival time as a function of antenna offset. 
Several researchers have used variable offset data to mea­
sure the groundwave velocity, which was then used to 
estimate the soil water content [Du and Rummel, 1994; 
Greaves et al., 1996; Van Overmeeren et al., 1997; Huisman 
et al., 2001; Galagedara et al., 2003; Galagedara et al., 
2005a; Weihermiiller et al., 2007].
[7] Common offset surveys are acquired when the trans­
mitting and receiving antennas are kept a constant distance 
apart while both antennas are pulled along a traverse. 
Common offset data can be used for velocity estimation by 
considering the groundwave travel time for a given antenna 
offset, and these data can usually be acquired much more 
quickly and over larger areas than variable offset data. Du 
and Rummel [1994] estimated soil water content using 
common offset groundwave data, while other researchers 
used common offset surveys to estimate soil water content 
and also collected co-located TDR and/or gravimetric water 
content measurements [Lesmes et al., 1999; Huisman et 
al., 2001; Galagedara et al., 2003; Grote et al., 2003]. 
These studies showed that the water content estimates from 
GPR groundwaves usually agreed well with water content 
measurements derived from TDR and gravimetric techniques
Figure 2. Schematic o f possible travel paths o f GPR 
energy. TX is the transmitting antenna and RX is the receiv­
ing antenna. v1 and v2 are the electromagnetic velocities of 
the first and second soil layers, respectively, and v1 < v2.
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Figure 3. Estimated GPR groundwave sampling depths 
from different models for 250 MHz antennas. At low per­
mittivity (low soil water content), the models predict signif­
icantly different sampling depths.
lyzing the resulting changes in the CMP surveys. A different 
relationship was derived by Galagedara et al. [2005b], who 
conducted a modeling study with different assumptions. In 
this study, CMP surveys were simulated over adjacent soil 
layers with large contrasts in permittivity (i.e., a very wet 
layer directly overlying a very dry layer). The thickness of 
the lower soil layer remained constant for all simulations, 
but the thickness of the upper soil layer was incrementally 
reduced for different simulations. The groundwave sampling 
depth was defined as the thickness of the upper soil layer at 
which the CMP velocity differed by 5% from the velocity of 
a wave traveling only in the upper layer. Using this proce­
dure, the relationship between the sampling depth and 
wavelength was quantified as follows:
z =  0.6015A +  0.0468. (4)
when the sampling volumes of the different techniques were 
similar.
[8] Although common offset and variable offset surveys 
are conventionally employed to acquire GPR data, devel­
opments in GPR technology now allow for surveys that 
combine aspects of both these methods. Multichannel GPR 
systems allow data to be acquired quickly at multiple fixed 
offsets as the antennas are pulled along a traverse. Gerhards 
et al. [2008] demonstrated how a multichannel GPR system 
can be used for water content estimation when data are 
acquired using this method.
[9] Although several researchers have demonstrated the 
potential of GPR groundwave methods for soil water con­
tent characterization, the efficacy of this technique is limited 
by the uncertainty of the sampling depth (z) of GPR 
groundwaves. Van Overmeeren et al. [1997] used the sim­
ilarity between GPR and seismic data to approximate the 
sampling depth as half of the Fresnel zone, as is accepted for 
seismic groundwaves [Hagedoorn, 1954]. Applying this 
approximation to GPR data,
where v is the velocity of an electromagnetic wave traveling 
through the soil, S  is the separation distance between the 
transmitting and receiving antennas, and f  is the central 
frequency of the GPR signal. Other researchers have sug­
gested that the sampling depth depends on the wavelength 
(A), where A = v/f, but is not affected by S [Du, 1996, as 
cited by Huisman et al., 2003; Sperl, 1999, as cited by 
Galagedara et al., 2005b; Galagedara et al., 2005b]. Du 
[1996] suggested that the sampling depth ranges from a 
half wavelength to a full wavelength, whereas Sperl [1999] 
performed a modeling exercise that suggested that the 
sampling depth can be approximated as follows:
z =  0.145A05. (3)
[10] In this exercise, Sperl simulated CMP surveys 
acquired over soil with permittivity that gradually increased 
with depth. The relationship given in equation (3) was 
determined by varying the permittivity gradient and ana­
[11] Figure 3 shows the predicted sampling depth for each 
of the relationships discussed above for data acquired with a 
250 MHz antenna over the range of permittivities normally 
observed in dry to saturated soils. This figure shows that 
these relationships predict significantly different sampling 
depths, especially for drier soils (lower permittivity). It 
should be noted that for each of these relationships, the 
sampling depth is at least partially dependent upon fre­
quency. For a given antenna, the central frequency in soil is 
usually different from the central frequency in air. The 
sources cited do not specify whether the central frequency 
referenced corresponds to that of soil or air; the calculations 
shown in each of these sources use the central frequency of 
the antenna as stated by the GPR equipment manufacturer to 
calculate sampling depth. Similarly, the depth estimates 
shown in Figure 3 are based upon an assumed central fre­
quency of 250 MHz.
[12] The sampling depths predicted by the relationships 
discussed above can be compared with sampling depths 
estimated experimentally, but the variety of experimental 
results cannot be explained by any single relationship, and 
not all results indicate that sampling depth is dependent 
upon frequency. In some experiments, reference measure­
ments used to evaluate GPR sampling depth were acquired 
over only one depth interval. Huisman et al. [2001] observed 
that both 225 and 450 MHz antennas estimated permittivities 
similar to those from the 10-cm-long TDR probes used as 
reference measurements. If the sampling depth is estimated as 
10 cm, either Sperl’s model or the seismic approximation 
model would reasonably predict the sampling depth for the 
225 MHz data, whereas the sampling depth of the 450 MHz 
data would be better estimated by the seismic approximation 
or half-wavelength approximation. In another study, Lesmes 
et al. [1999] estimated that the sampling depth of 100 MHz 
antennas was somewhat greater than the reference measure­
ments, which were acquired to a depth of 30 cm. The half- 
and full-wavelength approximations or Galagedara’s model 
would approximate a sampling depth >30 cm for 100 MHz 
data.
[13] Other researchers using GPR groundwave techniques 
also acquired reference measurements over multiple depth 
intervals. Grote et al. [2003] acquired groundwave data 
using 450 and 900 MHz antennas and simultaneously col­
lected gravimetric water content samples over depth inter­
vals of 0 to 10 cm, 10 to 20 cm, and 0 to 20 cm. The water
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TDR Station
Figure 4. Picture of common midpoint GPR data acquisi­
tion using 250 MHz antennas within a 3.7 m x 2.4 m x 1.2 m 
experimental tank. The antennas were moved remotely to 
avoid disturbing the soil within the tank.
content estimates from the two frequencies varied signifi­
cantly when the soil was dry, but not when the soil was near 
saturation. For both frequencies, the best correlation 
between GPR-derived and gravimetric estimates of water 
content occurred in the 0 to 20 cm zone, and the least cor­
relation was observed in the 10 to 20 cm zone. These cor­
relations suggest that the half-wavelength approximation or 
Galagedara’s model would best predict the sampling depth 
for the 450 MHz data, and Galagedara’s model or the full- 
wavelength approximation would be more accurate for the 
900 MHz data. In Galagedara et al. [2004], an infiltration 
experiment was performed using 200 MHz antennas and 
vertical TDR probes installed at 10 and 20 cm depths. This 
experiment showed that the GPR data correlated best with 
the 20 cm TDR probes, again suggesting that the sampling 
depth would not be less than the half-wavelength approxi­
mation. A later infiltration and drainage experiment per­
formed using 450 MHz antennas and vertically installed 
TDR probes ranging from depths of 10 cm to 100 cm 
showed the greatest correlation between GPR and TDR data 
for the probes penetrating to depths of 20 to 50 cm 
[Galagedara et al., 2005a]. These correlations imply that 
the sampling depth is greater than that predicted by either 
Galagedara’s model or the full-waveform approximation. 
The variety of results obtained by different researchers 
motivated this research to experimentally investigate the 
groundwave sampling depth.
3. Data Acquisition
[14] This project investigated the groundwave sampling 
depth using two soil layers with contrasting electromagnetic 
velocities within an experimental tank (Figure 4). The 3.7 m x 
2.4 m x 1.2 m tank was constructed from high-strength 
fiberglass and without any metal components, as metal 
might influence the GPR wave propagation. A homoge­
neous sand with carefully controlled water contents was 
used to create the layers inside the tank. The basal layer had 
a constant thickness throughout the experiment, while the 
thickness of the overlying layer was incrementally
increased. GPR surveys were acquired with four frequencies 
each time soil was added to the tank, and the groundwave 
sampling depth for each frequency was assumed to equal the 
thickness of the overlying soil layer when the groundwave 
velocity no longer showed any influence from the basal 
layer. To investigate the sampling depths in dry sand and in 
saturated sand, two experiments were performed within the 
tank. For the first experiment, a basal layer of homoge­
neously saturated sand (low velocity) was placed in the tank, 
and thin layers of dry sand (high velocity) were incremen­
tally placed on top of the basal layer. For the second 
experiment, a basal layer of dry sand was overlain by 
incremental layers of saturated sand. Section 3.1 describes 
the GPR data acquisition parameters and processing for both 
experiments, section 3.2 describes soil preparation and GPR 
data acquisition for the first experiment, section 3.3 describes 
these activities for the second experiment, and section 3.4 
discusses the methods used to monitor the soil water con­
tent within the tank.
3.1. GPR Data Acquisition Parameters and Processing
[15] GPR data were acquired using a pulseEKKO Pro 
system (Sensors and Software) with 100, 250, 500, and 
1000 MHz antennas. After each layer of soil was placed in 
the tank, three variable offset surveys (two WARRs and one 
CMP) were acquired with each frequency. For the 250, 500, 
and 1000 MHz antennas, the transmitting and receiving 
antennas were initially placed in contact with each other, 
then were incrementally moved apart. A similar procedure 
was followed for the 100 MHz antennas, but the initial 
antenna offset was 100 cm. The spatial sampling intervals 
for the variable offset surveys were 10 cm for the 100 MHz 
antennas, 2 cm for the 250 and 500 MHz antennas, and 1 cm 
for the 1000 MHz antennas. For the first WARR survey, the 
transmitter was placed 1 m from the northern end of the tank 
while the receiver was incrementally moved toward the 
south. The second WARR was similar, with the transmitter 
located 1 m from the southern end and the receiver being 
moved incrementally to the north. For the CMP survey, both 
antennas were placed in the center of the tank and incre­
mentally moved apart.
[16] ProMAX seismic data processing software was used 
to perform a very simple data processing routine on each set 
of GPR data. The frequency spectrum for each survey was 
analyzed, and a wide-pass bandpass filter was applied to 
dewow the data and to remove high-frequency noise. The 
filters did not vary significantly with different soil layers, 
and no gain or amplitude balancing was applied.
3.2. GPR Data Acquisition for Experiment 1
[17] The first experiment used a basal layer of saturated 
sand and an overlying layer of dry sand. To prepare the sand 
for this experiment, ~9 m3 of sand were dried in a large 
industrial oven for 24 hr at 110 °C to ensure that all pore 
water was removed. As only a portion of the sand could be 
placed in the oven at one time, the dry sand was placed in 
air-tight drums until the entire volume had been dried. To 
prepare the saturated sand, known quantities of sand and 
water were placed in a mechanical mixer. As the sand was 
mixed, additional water was added as necessary until the 
sand had a uniform volumetric water content (0v) of 0.32, 
which was the effective porosity for this sand. Several
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gravimetric water content and soil density measurements 
were acquired from the saturated sand to calculate 0v and to 
verify the homogeneity of the saturation. The saturated sand 
was placed in the tank and leveled at a depth of 15 cm. GPR 
data were acquired over the saturated sand using each set of 
GPR antennas. To avoid soil compaction, no one entered the 
tank after the sand was added. Instead, the antennas were 
moved remotely (Figure 4).
[18] After data were acquired over the saturated sand, a 
0.4 mm plastic sheet was placed over the saturated sand and 
was secured to the sides of the tank to prevent water from 
escaping from this layer. A 6 cm layer of dry sand was 
placed in the tank and leveled, and GPR data were acquired 
over this layer. When data acquisition over this layer was 
complete, a 3 cm layer of dry sand was added to the tank, 
and data collection was repeated. Additional 3 cm layers of 
dry sand were placed in the tank, with GPR data acquisition 
after each layer, until the experiment was completed. Figure 4 
shows GPR data acquisition over the dry sand using the 
250 MHz antennas.
[19] Data were acquired using four pairs of antennas 
when the overlying soil layer was thin, but as the thickness 
of the overlying soil layer exceeded the expected sampling 
depth of each frequency, data acquisition with that fre­
quency was discontinued. The expected sampling depth for 
each frequency was based upon the relationships shown in 
Figure 3 and the experimental results of other researchers. 
The maximum sampling depth predicted was that of the full- 
wavelength model; most estimated sampling depths from 
previous experiments showed depths less than this model. In 
experiment 1, data acquisition for the 1000 MHz frequency 
was inadvertently discontinued at the exact overlying layer 
thickness predicted by the full wavelength model; data 
acquisition for this frequency should have continued for 
several more layers.
3.3. GPR Data Acquisition for Experiment 2
[20] After experiment 1 was completed, the tank was 
emptied and dried. The tank was then filled with oven-dried 
sand to a depth of 27 cm. A thicker basal layer was used for 
experiment 2 than for experiment 1 to reduce possible 
superposition of the groundwave with the reflection from 
the interface between the basal layer and the underlying 
concrete, especially for the initial survey acquired over the 
dry basal layer. (For experiment 1, the basal layer was 
thinner, but the velocity in this layer was very low, so the 
travel time of a reflected wave through the basal layer was 
longer. For experiment 2, the velocity in the basal layer was 
much higher, so the thickness of this layer was increased to 
cause the reflection from the tank bottom to arrive later in 
time.) To prepare the soil for the overlying layer, sand was 
mechanically mixed with water until it was homogeneously 
saturated. As the mixer could not contain all the sand needed 
for the second experiment at one time, the saturated sand 
was placed in air-tight drums until it was added to the tank. 
Several gravimetric water content and soil density mea­
surements were acquired from each drum to verify that 0v 
was uniform (0v = 0.32) before placing the saturated sand in 
the tank. Some minor variations in water content were 
observed, but only sand with 0v = 0.32±0.02 was used in the 
tank.
[21] GPR data were acquired over the dry basal layer as 
described in section 3.2. Then a 1.1 mm rubber liner was 
placed over the dry sand; a rubber liner was used for this 
experiment instead of a plastic sheet to ensure that no leaks 
into the dry basal layer would occur. Preliminary studies 
showed that neither the plastic sheet nor the rubber liner 
used in these experiments affected electromagnetic veloci­
ties. The plastic sheet was easier to conform to the exact 
tank dimensions and was sufficient to prevent upward 
migration of water, but a thicker rubber liner was needed to 
prevent downward drainage. After the rubber liner was 
secured to the tank walls, a 3 cm layer of saturated sand was 
placed on the liner, and GPR data were acquired over the 
saturated sand. Additional 3 cm layers of saturated sand 
were added, each followed by GPR data acquisition, simi­
larly to experiment 1.
3.4. Monitoring Soil Water Content
[22] To monitor the soil water content within the tank, 
TDR probes were installed around the perimeter of the tank 
within each layer of sand. The TDR probes were 7.5 cm 
long and were installed at six stations around the tank (two 
stations on each long side and one station on each shorter 
side, as shown in Figure 4). At each station, TDR probes 
were installed horizontally with a vertical spacing of 6 cm 
between probes. The depth of probe installation at different 
stations was staggered for adjacent layers of sand, so three 
TDR probes were installed in each 3 cm layer. TDR data 
were acquired at least once an hour using an automated 
TDR system with 14 multiplexers connected to a Campbell 
Scientific TDR100 reflectometer and datalogger. Figures 5a 
and 5b show the average values and standard deviations of 
TDR measurements acquired at different depths for one 
station during experiments 1 and 2, respectively. These data 
show that the water content in each layer remained 
approximately constant for the duration of each experiment, 
since the standard deviations are generally quite small. 
Figures 5a and 5b show that some of the probes buried in 
dry sand show slightly different average electromagnetic 
velocities, although the velocities recorded at each probe 
remained constant with time. The differences in velocity in 
the dry soil are probably caused by poor calibration of the 
relatively short TDR probes in materials with low permit­
tivity [Skierucha et al., 2008], rather than indicating real 
variations in the water content of the dry soil. The number of 
TDR probes placed in the basal layer varied somewhat 
between experiments 1 and 2. In experiment 1, three probes 
were buried in the saturated basal layer for each TDR station 
(Figure 5a). For experiment 2, fewer probes were placed in 
the basal layer (Figure 5b), because the water content of the 
dry sand was not expected to change with time and because 
the TDR cables were shown to serve as potential conduits 
for leaks during a pilot study of this configuration. The six 
probes placed in the dry basal layer in experiment 2 were 
located 3 cm beneath the rubber liner separating the basal 
and overlying layers so that any leaks would be detected 
quickly.
[23] In addition to the TDR probes installed around the 
tank perimeter, at least two gravimetric water content sam­
ples were collected near the middle of the tank for each layer 
of sand, both when the sand was being placed in the tank 
and after the experiments were completed and the sand was
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Figure 5. The average electromagnetic velocity (black cir­
cle) and standard deviation (error bar) for each time-domain 
reflectometry (TDR) probe are plotted according to the eleva­
tion of each probe in the tank. The differing velocities in the 
dry soil are caused by difficulty in calibrating the TDR probes 
in extremely dry soil. (a) Experiment 1. (b) Experiment 2.
being excavated. These samples showed that the water 
content did not change with different layers of sand and that 
the water content in the center of the tank did not change 
significantly during the experiment.
4. Data Interpretation
[24] Careful identification of the groundwave was the 
most critical aspect of data interpretation. Because of to the 
contrast in electromagnetic velocity between the overlying 
and basal soil layers and between the basal soil layer and the
underlying concrete, reflections and refractions were 
observed along with the groundwave. Figure 6 shows the 
arrival times of some of these events when a 6 cm layer of 
saturated sand overlies a basal layer of dry sand. The first 
wave to be detected is generally the airwave, which has a 
linear slope equal to the inverse of the velocity of an elec­
tromagnetic wave in air. The groundwave arrives after the 
airwave and also has a linear slope; at small antenna offsets, 
superposition with the airwave can interfere with obtaining a 
valid groundwave velocity. The next event is the reflection 
from the interface between the saturated and dry sand layers, 
and this event has a hyperbolic relationship between antenna 
offset and arrival time. Refractions are also generated by this 
interface; refractions along the upper surface of the dry sand 
layer are observed in the data as linear events with a velocity 
equal to that of the dry sand layer. Other refractions occur 
when energy is reflected from this interface and then re­
fracted into the air. Air refractions appear as linear events 
with a velocity equal to that of the direct airwave, but these 
events arrive later in time than the direct airwave. Although 
not shown in Figure 6, other refractions could be generated 
when the basal layer is saturated and refractions are created 
from the interface between the saturated sand and the concrete 
underlying the tank. Although refractions from the sand- 
concrete interface occur, they are generally sufficiently late in 
time that the groundwave velocity can still be determined.
[25] Superposition of the groundwave with the airwave, 
reflections, and refractions must be considered carefully 
when determining the groundwave velocity. The likelihood 
of superposition is greatest when the overlying layer is thin, 
and refractions and reflections arrive relatively early in time. 
To measure a valid groundwave velocity, the velocity must 
be determined using traces acquired at small antenna se­
parations before superposition with the reflected or refracted 
wave begins. However, superposition may still occur at 
small antenna offsets for very thin overlying layers, espe­
cially for data acquired with lower frequencies, which have 
larger GPR pulse lengths. In this experiment, the average
Figure 6. The predicted arrival times of the direct, re­
flected, and refracted waves for data acquired over a 6 cm 
layer of saturated sand overlying a basal layer of dry sand. 
The velocity of the groundwave must be determined from 
the traces acquired at relatively small antenna offsets to 
avoid superposition with the reflected and refracted waves. 
At the very smallest antenna offsets, superposition of the 
groundwave and airwave also occur.
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pulse lengths (for a modified Ricker wavelet including a 
leading peak, a trough, and a trailing peak) were approxi­
mately 2.0 ns, 3.5 ns, 6.5 ns, and 17 ns for the 1000 MHz, 
500 MHz, 250 MHz, and 100 MHz data, respectively. 
Superposition resulting from thin overlying layers and the 
large pulse lengths of the lower frequency antennas made 
accurate groundwave velocity estimation impossible for 
several surveys acquired with the 250 MHz antennas, and 
this problem rendered all of the 100 MHz data unfit for 
groundwave velocity estimation. Although superposition 
may require data to be completely rejected, one method that 
can sometimes be used to calculate the groundwave velocity 
when refractions or reflections partially superimpose with 
the groundwave wavelet is to use an earlier-arriving lobe of 
the groundwave wavelet that is not superimposed with these 
events. Identifying a valid portion of the groundwave (i.e., a 
portion without superposition with other waves) from which 
to calculate velocity was the first and most important step in 
data interpretation.
[26] Several criteria were used to identify the groundwave. 
First, the velocity for the event tentatively identified as the 
groundwave should be within the range of expected veloci­
ties for the near-surface soil (between and including the 
velocities of the overlying and basal soil layers). Second, the 
groundwave should be the event immediately following 
the airwave until the time at which the groundwave and the 
refracted wave arrive simultaneously. Third, the arrival time 
of the groundwave should be linearly related to the antenna 
offset for all traces as determined by high linear regression 
coefficients when the velocity is calculated. Fourth, the 
amplitude of the groundwave should decrease with increas­
ing antenna separation. (Amplitude values should be care­
fully noted during the groundwave identification procedure, 
as small changes in amplitude may not be visually obvious.) 
These criteria were used to distinguish the groundwave from 
other events in the radargram and to eliminate portions of the 
groundwave event that were superimposed with other waves.
[27] After the groundwave was identified, the ground- 
wave arrival time was chosen for each trace. Surveys 
acquired when the groundwave was free from superposition 
with other waves showed that the groundwave was a mod­
ified Ricker wavelet with multiple peaks (positive ampli­
tudes shown in black in Figure 7) and troughs (negative 
amplitudes shown in white in Figure 7) centered around a 
high-amplitude trough. For some surveys, superposition 
with portions of the airwave, refracted, or reflected waves 
affected the main groundwave trough. Superposition with 
the refracted or reflected waves was more problematic than 
airwave superposition, so the peak overlying the main 
groundwave trough was often chosen to calculate the 
groundwave velocity (Figures 7e-7h, 8, and 9). The validity 
of this approach was determined by verifying that the 
velocities measured using the main groundwave trough and 
using other portions of the groundwave wavelet were equal 
in surveys where the entire groundwave wavelet was free 
from superposition. Huisman et al. [2003] also showed that 
picking different portions of the groundwave wavelet pro­
vided the same velocity.
[28] Figures 7, 8, and 9 show the GPR data for CMP 
surveys acquired using 1000 MHz, 500 MHz, and 250 MHz 
antennas, respectively, as saturated sand is incrementally 
layered over dry sand. Data interpretation varies somewhat 
for the different frequencies used in this experiment;
Appendix A provides detailed information on the data 
interpretation for each frequency. The general procedure 
was to identify a portion of the groundwave wavelet that did 
not have superposition, then to automatically select the 
arrival times of the groundwave using the trough or peak 
picking feature in ProMAX seismic data processing soft­
ware. The groundwave arrival times were plotted as a 
function of antenna separation, and linear regression was 
performed to determine the groundwave velocity for each of 
the three variable offset surveys acquired for each layer. The 
velocities from the two WARR surveys and the CMP survey 
were generally very similar, so the velocities were averaged 
to obtain a single velocity estimate per frequency for each 
layer.
5. Results
[29] The groundwave velocity changed as the thickness of 
the overlying layer was increased. The groundwave veloc­
ities were quite low for the surveys performed over a basal 
layer of saturated sand, but the velocities increased as layers 
of dry sand were added (Figure 10a). The opposite trend was 
observed as layers of saturated sand were placed over dry 
sand (Figure 10b). The changes in velocity as the thickness 
of the overlying layer was increased reflected the extent to 
which the groundwave passed through the overlying layer. 
For relatively thick overlying layers, the portion of the 
groundwave passing through the basal layer was small, and 
the groundwave velocity was more controlled by the prop­
erties of the overlying soil.
[30] As shown in Figures 10a and 10b, data are missing 
for the some of the surveys when the overlying soil layer 
was relatively thin. These missing data occur when super­
position with the airwave, reflections, or refractions pre­
vented accurate calculation of the groundwave velocity. 
Superposition with reflections or refractions was most sig­
nificant for the lower frequencies, as the pulse length is 
greater for these frequencies. Thus, data for the 1000 MHz 
antennas were acceptable for most overlying layer thick­
nesses, but groundwave velocities could not be calculated 
for the 250 MHz antennas until the overlying layer was 
relatively thick. For the 500 MHz antennas in experiment 1, 
data acquisition was discontinued before the overlying layer 
thickness was sufficient to interpret a clear groundwave 
(free from superposition with other waves), so no data could 
be used from this frequency in this experiment. Similarly, 
data from the 100 MHz antennas could not be unambigu­
ously interpreted, so they were not used to estimate sam­
pling depth. In addition to superposition with reflected or 
refracted waves, some groundwaves might be obscured by 
dispersive guided waves that can be generated in thin, near­
surface layers [Arcone et al., 2003; Van der Kruk et al., 
2006; Strobbia and Cassiani, 2007]. Although the data in 
this experiment did not visually resemble the patterns usu­
ally seen in guided waves, guided wave dispersion may still 
have affected the surveys that were discarded because the 
first non-airwave event did not meet the criteria described in 
section 4.
[31] For these experiments, data acquisition had to pro­
ceed more quickly than data interpretation could be 
accomplished, so it was difficult to know the overlying 
thickness at which data acquisition could be discontinued 
for each frequency. Ideally, data acquisition would continue
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Figure 7. 1000 MHz common midpoint (CMP) data acquired as 3 cm layers of saturated sand are incre­
mentally added to a basal layer of dry sand. The white line on each radargram overlies the points used to 
calculate the groundwave velocity; the inverse slope of this line equals the groundwave velocity. (a) Dry 
soil. (b) 3 cm of saturated sand. (c) 6 cm of saturated sand. (d) 9 cm of saturated sand. (e) 12 cm of sat­
urated sand. (f) 15 cm of saturated sand. (g) 18 cm of saturated sand. (h) 21 cm of saturated sand.
for several layers after the measured velocity was equal to 
that of a wave in the overlying layer, so the final surveys 
would all have the same velocity. Figure 10 shows that the 
final few surveys have the same velocity for all cases, except 
for the 1000 MHz data in experiment 1. For these data
(Figure 10a), the surveys acquired over the thickest over­
lying layer have the velocity of a wave in dry sand, but this 
is the only overlying layer thickness to show this velocity. It 
is assumed that the same velocity would be measured if
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Figure 8. 500 MHz CMP data acquired as 3 cm layers of saturated sand are incrementally added to a 
basal layer of dry sand. (a) Dry soil. (b) 6 cm of saturated sand. (c) 9 cm of saturated sand. (d) 12 cm of 
saturated sand. (e) 15 cm of saturated sand. (f) 18 cm of saturated sand. (g) 21 cm of saturated sand. (h) 24 cm 
of saturated sand. (i) 27 cm of saturated sand.
surveys over additional overlying dry sand layers had been 
acquired.
[32] The groundwave sampling depth for each frequency 
can be estimated by observing the minimum thickness of 
overlying soil at which the groundwave velocity is equal to 
that of a wave traveling only in the overlying soil. Table 1
shows the experimentally derived groundwave sampling 
depths in dry and saturated sand and the predicted sampling 
depths from the relationship derived by Galagedara et al. 
[2005b] and from the full wavelength approximation, 
which are the two relationships which most closely correlate 
with the experimental results. The other relationships dis-
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Figure 9. 250 MHz CMP data acquired as 3 cm layers of saturated sand are incrementally added to a 
basal layer of dry sand. (a) Dry soil. (b) 27 cm of saturated sand. (c) 30 cm of saturated sand. (d) 33 cm of 
saturated sand. (e) 36 cm of saturated sand. (f) 39 cm of saturated sand.
cussed in section 2 generally predict sampling depths con­
siderably smaller than those observed in this experiment. 
The results shown in Table 1 suggest that the groundwave 
sampling depth is a function of frequency in both dry and 
saturated soils, and sampling depth is inversely related to 
frequency. The experimental groundwave sampling depths 
do not show as much dependence on soil water content as 
expected from modeling results; the 250 MHz antennas have 
the same sampling depth in dry and saturated soils, while the 
1000 MHz antennas show a small decrease (3 cm) in sam­
pling depth for saturated soils. It should be noted that the 
accuracy of the sampling depth estimated from these 
experimental data is limited to the thickness of one soil layer 
(3 cm), so the difference in sampling depths under dry and 
saturated conditions for the 1000 MHz data may reflect 
either a slight dependence upon water content or the accu­
racy limitations of this experimental procedure. The lack of 
a strong relationship between sampling depth and soil water 
content in the experimental results may indicate that some 
GPR models do not accurately replicate the behavior of the 
groundwave in all soil conditions. However, the experi­
mental data available to compare sampling depth in dry and 
saturated conditions are limited to only two frequencies and 
one soil type, so the behavior observed in this experiment
may not be representative of different frequencies and/or 
different soil moisture or texture conditions.
[33] Of the analytical models used to predict the 
groundwave sampling depth, the model described by 
equation (4) [Galagedara et al., 2005b] usually has the best 
correlation with the sampling depths measured in this 
experiment. For the dry sand, equation (4) predicts a greater 
sampling depth for the 250 MHz data than was observed 
experimentally, but it exactly predicts the sampling depth 
for the 1000 MHz data (Table 1). For both frequencies, 
equation (4) predicts sampling depths closer to the experi­
mental values for dry sand than the other analytical models. 
For saturated sand, equation (4) and the full wavelength 
model produce similar results, and both of these relation­
ships estimate sampling depths that are less than those 
determined experimentally. The full wavelength model has 
better agreement with the experimental data for the saturated 
250 MHz data, but equation (4) better predicts the sampling 
depth for the saturated 1000 MHz data. The difference 
between the sampling depths predicted by the full wave­
length model and equation (4) for the 500 MHz data is 
negligible. The differences between the estimated sampling 
depths from the relationships discussed in section 2 and 
these experimental results may be caused by differences in
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Figure 10. The groundwave velocity changes as the depth 
of the overlying layer increases. Superposition with the 
reflected/refracted wave prevented clear groundwave identi­
fication when the overlying layer was thin, so data are miss­
ing for some layers. (a) The groundwave velocity increases 
as the depth of the overlying dry sand layer increases. (b) The 
groundwave velocity decreases as the depth of the overlying 
saturated sand layer increases.
the modeled procedures or in how the groundwave sampling 
depth is defined. The experimental data may have the best 
correlation with equation (4) because the modeling proce­
dure used by Galagedara et al. [2005b] was very similar to 
these experimental procedures.
[34] In addition to providing an estimate of groundwave 
sampling depth, the results shown in Figure 10 may provide 
some information as to the sensitivity of the groundwave 
with depth. When the overlying soil layer is dry (Figure 10a), 
the groundwave velocity appears to change relatively grad­
ually as the sampling depth is approached for both the
250 MHz and 1000 MHz data. When the overlying layer is 
saturated (Figure 10b), the change in velocity as the 
overlying layer thickness increases is fairly constant for the 
500 MHz and 1000 MHz data until the sampling depth is 
reached; the 250 MHz data in experiment 2 have insufficient 
points to evaluate how the velocity changes with overlying 
layer thickness. The differences in the change of velocity as 
the sampling depth is approached in dry and saturated sand 
suggest that groundwave sensitivity with depth is dependent 
upon soil moisture. When the overlying soil layer is dry, a 
greater proportion of the groundwave energy may preferen­
tially stay within the high velocity zone, resulting in a 
decreased sensitivity to the underlying layer. When the 
overlying soil layer is saturated, a greater portion of the 
groundwave energy may be directed into the higher velocity 
lower layer.
[35] Although the experimental data may provide some 
information on the groundwave sensitivity with depth, this 
relationship is difficult to characterize conclusively using 
either the currently available experimental or modeling re­
sults. The modeling study performed by Galagedara et al. 
[2005b] closely resembles the experiment described here. 
The results of their modeling study do not show any clear 
correlations of groundwave sensitivity with depth, as the 
sensitivity seemed to vary for different frequencies and soil 
moisture conditions, but not in a consistent pattern. Both the 
modeling study and the experimental results described here 
show an approximately linear relationship between ground- 
wave velocity and overlying layer thickness when the 
overlying soil layer was saturated. For very thin overlying 
layers, the modeling study found that the groundwave trav­
eled only through the underlying layer. The experimental 
results do not show this behavior, but this may be due to lack 
of experimental data for thin overlying layers, as superpo­
sition of the groundwave wavelet did not allow velocity 
estimation for very thin layers. Thus, the experimental and 
modeling results show similar trends, but neither study fully 
explains the extent and causes of changes in groundwave 
sensitivity. Further modeling and experimental data are 
necessary to better understand how sensitivity varies with 
frequency and soil moisture.
6. Conclusions
[36] This project experimentally determined the GPR 
groundwave sampling depth for dry and saturated sand for
Table 1. Comparison of GPR Sampling Depths from Experimental Data and Model Predictions8
Frequency 250 MHz 500 MHz 1000 MHz
Experimental sampling depth (cm) in saturated sand 30 18 12
Predicted sampling depth (cm) in saturated sand using 20 12 8.5
equation (4) [Galagedara et al., 2005b]
Predicted sampling depth (cm) in saturated sand using full 26 13 6.4
wavelength approximation [Du, 1996] 
Experimental sampling depth (cm) in dry sand 30 15
Predicted sampling depth (cm) in dry sand using 45 25 15
equation (4) [Galagedara et al., 2005b]
Predicted sampling depth (cm) in dry sand using full 66 33 17
wavelength approximation [Du, 1996]
aFor the predicted sampling depths, the permittivity measured under dry (re=3.3) and saturated (re=22) conditions were 
used as input to the analytical relationships.
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three frequencies. The sampling depth appears to be fre­
quency-dependent, with a negative correlation between the 
central GPR frequency and the sampling depth. Experi­
mental results also indicate that the sampling depth is not 
strongly dependent on soil moisture content, although this 
conclusion is based upon very limited data from this 
experiment and additional research is needed to investigate 
the validity of this conclusion. Of the various analytical 
models available to estimate the groundwave sampling 
depth, the model given by Galagedara et al. [2005b] best 
correlated with these experimental data, although the full- 
wavelength approximation was also reasonable for saturated 
sand. The agreement between Galagedara’s model and these 
experimental data may be due to the similarity in the exper­
imental techniques used here and the modeling methods in 
Galagedara’s study.
[37] The apparent relationship between GPR groundwave 
sampling depth and frequency may allow GPR methods to 
be used for creating three-dimensional maps of soil water 
content at the field scale, even for sites without strong 
subsurface reflectors. Multifrequency groundwave data 
could be acquired in the common offset mode and could be 
used to create a vertical soil water content profile. Multiple 
common offset traverses could result in a three-dimensional 
map of soil water content. Both these experimental results 
and previous modeling efforts suggest that these applica­
tions of GPR techniques are possible, but additional studies 
of the relationship between sampling depth and frequency in 
a more natural environment are necessary to determine the 
applicability of this technique on the field scale.
Appendix A: Groundwave Data Interpretation
[38] Figures 7, 8, and 9 show GPR data that were 
acquired as layers of saturated sand were incrementally 
added over a basal layer of dry sand for 1000, 500, and 
250 MHz antennas, respectively. Figures 7a, 8a, and 9a 
show GPR data acquired over the dry basal layer before 
the first saturated layer was added. The minimum separation 
distance shown in these figures is equal to the length of one 
antenna, since variable offset surveys acquired with these 
frequencies began with the transmitting and receiving 
antennas directly adjacent to each other. This separation 
distance assumes that the electromagnetic energy is leaving 
from the center of the transmitting antenna and being de­
tected at the center of the receiving antenna. This assump­
tion is an approximation, as the energy transmitted and 
received by the GPR antennas is not truly generated at a 
discrete point, but the assumption does not influence the 
velocity estimates acquired from variable offset data in these 
surveys.
A1. 1000 MHz Data
[39] For the 1000 MHz data acquired over the basal soil 
layer (Figure 7a), the groundwave is easily identified as the 
first strong event. To avoid any potential superposition with 
the underlying reflection (from the interface between the 
basal layer and the concrete underlying the tank), the first 
large peak of the groundwave wavelet was chosen to output 
as the arrival times. For the second survey, where 3 cm of 
saturated sand were placed over the dry basal layer, identi­
fying the groundwave is much more difficult. To interpret
the surveys acquired as the thickness of the overlying soil 
layer was changed, it is easiest to consider the surveys 
acquired later in the experiment (when the overlying layer 
was thick) before trying to interpret the more complicated 
surveys acquired when the overlying layer was thin. When 
the overlying layer was thick, the reflections and refractions 
occurred sufficiently late in time that they did not super­
impose with the groundwave, allowing easy identification of 
the groundwave. In the last 1000 MHz survey (Figure 7h), 
the groundwave does not superimpose with reflections or 
refractions, and the first large peak of the groundwave 
wavelet was chosen for outputting arrival times. (Choosing 
the main groundwave trough for arrival times would also be 
valid, but the overlying peak was chosen so that the 
groundwave picking procedure would be more consistent 
throughout the experiment.) For surveys with slightly thin­
ner overlying layers (Figures 7f and 7g), the groundwave is 
still easily identifiable. For Figure 7e, where the thickness of 
the overlying layer is 12 cm, the large peak of the ground- 
wave wavelet that arrives after the main groundwave trough 
(the trailing peak of the groundwave wavelet) is super­
imposed with the reflection/refraction from the interface 
between the saturated and dry sand, but the first large peak 
of the groundwave wavelet seems free from superposition. 
For Figures 7b-7d (depths of the overlying layer ranging 
from 3 to 9 cm), the first large peak of the groundwave 
wavelet is partially superimposed with the reflection/ 
refraction wavelet, so the small trough overlying the first 
groundwave peak was chosen to output arrival times. The 
superposition of portions of the groundwave wavelet for 
different overlying layer thicknesses illustrates the necessity 
for very careful groundwave interpretation.
A2. 500 MHz Data
[40] In the 500 MHz data (Figure 8), the groundwave is 
easily identified for the first survey (Figure 8a) before any 
saturated sand was added. To be consistent with later surveys, 
the first large peak of the groundwave wavelet was again 
chosen for outputting arrival times. As with the 1000 MHz 
data, interpreting the next few surveys (when the overlying 
soil layer was thin) was difficult, so it is easiest to consider the 
surveys acquired when the overlying layer was thick and the 
main groundwave wavelet was free from superposition 
(Figure 8i) before interpreting these earlier surveys. Although 
the central groundwave trough could have been used for 
velocity estimation for this survey, the overlying peak was 
again chosen. As the thickness of the overlying layer de­
creases (considering the figures in reverse order), the trailing 
peak of the groundwave wavelet is increasingly super­
imposed with reflections and refractions. In Figure 8f, the 
central groundwave trough is also affected by the reflected/ 
refracted event, but the leading peak of the groundwave 
wavelet still seems to be unaffected by superposition. The 
leading peak of the groundwave wavelet was chosen for 
velocity calculations in Figures 8b-8e; the velocity of this 
peak changed with each survey, although the velocity of the 
underlying reflection/refraction event remained constant. No 
data are shown for the 500 MHz survey acquired over 3 cm of 
saturated sand, as amplitude information and visual inspec­
tion suggested superposition with the reflected/refracted 
waves would not allow valid groundwave velocity estimation 
for this layer.
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A3. 250 MHz Data
[41] The larger pulse size of the 250 MHz antennas caused 
superposition of the groundwave and reflected/refracted 
waves to be problematic for many of the first surveys in this 
experiment. For the 250 MHz data (Figure 9), no portion of 
the groundwave wavelet appeared to be sufficiently free 
from superposition to provide an accurate groundwave 
velocity until the overlying soil layer was 27 cm thick 
(Figure 9b). As with the other frequencies, the groundwave is 
most clearly identified when the overlying soil layer is thick 
(Figure 9f), and thinner overlying layers cause increasing 
superposition of the groundwave with other events. Similarly 
to the other frequencies, the leading peak of the groundwave 
wavelet was chosen for velocity estimation.
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